The molecular oscillations underlying the generation of circadian rhythmicity in mammals develop gradually during ontogenesis. However, the developmental process of mammalian cellular circadian oscillator formation remains unknown. In differentiated somatic cells, the transcriptional-translational feedback loops (TTFL) consisting of clock genes elicit the molecular circadian oscillation. Using a bioluminescence imaging system to monitor clock gene expression, we show here that the circadian bioluminescence rhythm is not detected in the mouse embryonic stem (ES) cells, and that the ES cells likely lack TTFL regulation for clock gene expression. The circadian clock oscillation was induced during the differentiation culture of mouse ES cells without maternal factors. In addition, reprogramming of the differentiated cells by expression of Sox2, Klf4, Oct3/4, and c-Myc genes, which were factors to generate induced pluripotent stem (iPS) cells, resulted in the re-disappearance of circadian oscillation. These results demonstrate that an intrinsic program controls the formation of the circadian oscillator during the differentiation process of ES cells in vitro. The cellular differentiation and reprogramming system using cultured ES cells allows us to observe the circadian clock formation process and may help design new strategies to understand the key mechanisms responsible for the organization of the molecular oscillator in mammals.
The molecular oscillations underlying the generation of circadian rhythmicity in mammals develop gradually during ontogenesis. However, the developmental process of mammalian cellular circadian oscillator formation remains unknown. In differentiated somatic cells, the transcriptional-translational feedback loops (TTFL) consisting of clock genes elicit the molecular circadian oscillation. Using a bioluminescence imaging system to monitor clock gene expression, we show here that the circadian bioluminescence rhythm is not detected in the mouse embryonic stem (ES) cells, and that the ES cells likely lack TTFL regulation for clock gene expression. The circadian clock oscillation was induced during the differentiation culture of mouse ES cells without maternal factors. In addition, reprogramming of the differentiated cells by expression of Sox2, Klf4, Oct3/4, and c-Myc genes, which were factors to generate induced pluripotent stem (iPS) cells, resulted in the re-disappearance of circadian oscillation. These results demonstrate that an intrinsic program controls the formation of the circadian oscillator during the differentiation process of ES cells in vitro. The cellular differentiation and reprogramming system using cultured ES cells allows us to observe the circadian clock formation process and may help design new strategies to understand the key mechanisms responsible for the organization of the molecular oscillator in mammals.
circadian clock | induced pluripotent stem cells | real-time monitor T he circadian rhythm is a fundamental biological system in mammals involved in the regulation of various physiological functions such as the sleep-wake cycle, energy metabolism, and the endocrine system (1, 2) . These physiological rhythms develop gradually in the first year of life in humans (3) . It is well known that the human sleep-wake rhythm is generated within a few months after birth. However, a weak circadian rhythm of core body temperature is present immediately after birth, suggesting that the development of the human circadian rhythms starts during fetal life. In fact, recent studies in rodents have suggested the appearance of circadian molecular rhythms in the suprachiasmatic nucleus (SCN) a few days before birth (4) . However, little information is available on the development of the mammalian cellular circadian oscillator.
In mammals, molecular oscillation of the circadian clock consists of interlocked positive and negative transcription/translation feedback loops (TTFL) involving a set of clock genes and clock-controlled output genes that link the oscillator to the clock-controlled processes (5) . CLOCK and BMAL1 are basic-helix-loop-helix (bHLH) PAS transcription factors that heterodimerize and transactivate the core clock genes such as Period (Per1, -2, and -3), Cryptochrome (Cry1 and Cry2), and Rev-Erbα (2, 5, 6) . PER and CRY proteins suppress the activity of the CLOCK/BMAL1, whereas REV-ERBα suppresses Bmal1 gene expression.
In this study, we focused on the development of the mammalian circadian oscillator during the differentiation culture of mouse embryonic stem (ES) cells. Because the mouse ES cells are selfrenewing pluripotent cells that have the potential to differentiate into nearly all cell types of the mouse body, we investigated in this study the formation process of the circadian oscillator in a cell culture system of mouse ES cells and differentiated cells derived thereof.
The main results of the study were (i) the circadian feedback loops did not seem to oscillate in ES cells; (ii) differentiation culture of ES cells in vitro induced molecular oscillation of the circadian clock; and (iii) the developed oscillator disappeared again when the differentiated cells were reprogrammed by introducing four factors, Oct3/4, Sox2, Klf4, and c-Myc. The results strongly suggest that the generation of the circadian oscillator depends on an intrinsic program that correlates with the cellular differentiation status of mammalian cells.
Results

Establishment of Luminescent ES Cell Lines.
To observe the internal circadian clock oscillator in living cells, a real-time bioluminescence assay was established using firefly luciferase as a reporter, which is driven by the promoter of clock genes (7) (8) (9) (10) (11) . In addition to mPer2 and Bmal1, we reported previously that a clock-controlled Dbp promoter-driven luciferase reporter is also available to read out the circadian molecular oscillator in living cells (12) . Thus in this study, we used Bmal1-promoter-and Dbp-promoter-driven luciferase reporters to visualize the intrinsic cellular circadian clock. We cotransfected ES cells with Tol2 transposase (TP) expression plasmid and Tol2 transposon-based Bmal1:luc or Dbp:luc reporter vectors (Bmal1:luc-pT2A, Dbp:luc-pT2A) (13, 14) . The Tol2 transposon was originally discovered in Medaka fish, and the Tol2-based vector is considered a highly efficient gene transfer system in mouse ES cells (13, 15) . All picked Bmal1:luc-pT2A ES cell clones (23 clones) were bioluminescent (Fig. 1A) .
ES Cells Do Not Exhibit Circadian Bioluminescence Oscillation. Using these Bmal1:luc stably transfected ES cell lines, we investigated the mBmal1 promoter-driven bioluminescence after changing the medium to luciferin-containing ES medium (ESM) by real-time photomultiplier-tube (PMT)-based bioluminescence assay. We stimulated the ES cell culture with two known clock-synchronizing agents, forskolin and dexamethasone. The PMT-based analysis showed no circadian bioluminescence oscillation in both synchronizing stimulations (Fig. 1B and Fig. S1A ). These results To whom correspondence should be addressed. E-mail: kyagita@anat1.med.osaka-u.ac.jp.
This article contains supporting information online at www.pnas.org/cgi/content/full/ 0913256107/DCSupplemental. suggest two possibilities. One is that the ES cells exhibit circadian rhythms but they are de-synchronized. Another is that the ES cells do not have a functional circadian clock oscillator. Although they are desynchronized, or do not have a functional circadian clock oscillator. To answer this question, we used a microscope-based high-sensitivity CCD camera system (LV200, Olympus) for realtime monitoring of Bmal1:luc bioluminescence of ES cells. Healthy undifferentiated ES cells form colonies of densely packed cells with smooth outlines, and ES cells move dynamically in the colony. Thus, it is quite difficult to trace individual cells for times as long as 72 h. To solve this problem, single or doubling cells were chosen at the first time point and traced as single cell-derived colonies. However, when colonies merged, we omitted them from bioluminescence analysis. The results demonstrated that colonies observed from single cells did not exhibit circadian oscillation of bioluminescence intensity (Fig. 1C and Movie S1).
To eliminate the possibility that these results are specific to the KY1.1 ES cell line (F 1 hybrid of C57BL/6J and 129S6/SvEvTac), we examined the circadian clock oscillation using other ES cell lines such as E14Tg2a and EB5 (derived from 129P2/OlaHsd). These ES cells were stably transfected with Bmal1:luc-pT2A or Dbp:luc-pT2A reporter vectors through a Tol2 transposon strategy. Using Bmal1:luc-pT2A or Dbp:luc-pT2A stably transfected E14Tg2a and EB5 ES cells, we observed bioluminescence activities by a PMT-based real-time circadian clock monitoring system. For both ES cell cultures and both reporters, we did not detect apparent circadian fluctuation in bioluminescence from ES cell cultures (Fig. S1B ). Microscopic analysis of Bmal1:luc EB5 cells and Dbp:luc EB5 cells also showed that circadian fluctuation of bioluminescence was not observed in EB5 ES cells at the single cell/colony level (Fig. S1C ). These series of results indicate that ES cells likely lack the capability of expressing the functional circadian clock oscillation. This conclusion is compatible with those of recent ontogenic studies showing noncycling circadian molecular clocks in early mammalian embryos (4, 16) .
Development of Circadian Oscillation During the All-Trans Retinoic
Acid Induced Differentiation Culture of ES Cells. Next, we monitored the circadian molecular oscillator during the cellular differentiation process of ES cells in the culture system. Previous studies indicated that the self-sustaining circadian oscillator resides not only in the central clock of SCN but also in the majority of peripheral cells in mammals and even in cultured cell lines (8, 9, 17, 18) . In this regard, all-trans retinoic acid (RA) is used for ES cell differentiation, because the RA treatment has been established as a simple procedure for differentiation of ES cells, mimicking the sequential Hox gene expression profiles seen in early embryos (19) .
KY1.1 ES cells stably expressing the Bmal1:luc reporter gene were cultured in 1 μM RA-containing medium without leukemia inhibitory factor (LIF). Then, PMT-based real-time bioluminescence assays were performed at days 3, 8, and 15 following the start of RA treatment ( Fig. 2A) . For synchronization to detect the circadian clock oscillation of differentiating cells, we used forskolin because this stimulation directly affects the intracellular cAMP level and has been established as a clock-resetting factor for various types of cells (20, 21) . As shown above, undifferentiated ES cell cultures did not exhibit circadian fluctuations in their bioluminescence (Fig. 1B) . After 3-day RA differentiation culture, circadian fluctuation of bioluminescence was still not observed, whereas one-cycle up-and-down bioluminescence was observed in the cells at day 8 after RA treatment with 10 μM of forskolin synchronization ( Fig. 2A Left and Center). However, cyclic bioluminescence no longer persisted after one cycle. In contrast, at day 15, the cells exhibited circadian bioluminescence oscillation at least four cycles after synchronizing stimulation ( Fig. 2A  Right) . These results suggest that a self-sustaining circadian oscillator was generated during differentiation by day 15.
To confirm the developing process of circadian oscillation during ES cell differentiation, EB5 ES cells stably expressing the Dbp:luc reporter gene were analyzed. RA-induced differentiation culture was prepared using the same protocol as for KY1.1 ES cells. RA-induced differentiation of EB5 ES cells also resulted in the development of circadian bioluminescence oscillation driven by Dbp promoter at day 14 of the differentiation culture (Fig. 2B) . These results suggest that the circadian clock oscillation seems to develop gradually during the ES cell differentiation culture.
For quantitative evaluation of the rhythmicity, the above data were subjected to fast Fourier transform (FFT) analysis (22) . Both the relative power and the relative amplitude were significantly higher after 15 days compared with 3 days of differentiation culture in KY1.1 ES cells ( Fig. 2C ; P < 0.001). Similar to those in KY1.1 ES cells, both the relative power and the relative amplitude of EB5-derived differentiated cells after 14 days were significantly higher than in ES cells or 5-day differentiating cells ( Fig. 2D ; P < 0.001). Period lengths of differentiated cells were 22.73 ± 0.39 h (KY1.1 RA Day 15, n = 10) and 23.09 ± 0.24 h (EB5 RA Day 14, n = 11), respectively (Fig. 2E) . Importantly, the peak phases of Bmal1:lucand Dbp:luc-driven bioluminescence were in near anti-phase ( Microscopic bioluminescence image analysis. Single ES cells were plated onto a feeder cell layer and growing colonies raised from single cells were marked to trace the Bmal1:luc-driven bioluminescence, using an LV200 microscopic bioluminescence image analyzer (Movie S1 and Materials and Methods).
Continuous monitoring by PMT-based bioluminescence from the cells synchronized at day 11 after RA-induced differentiation culture also indicated that only a weak oscillation appeared at day 11 but much higher-amplitude oscillation was detected after the second synchronization at day 15 of differentiation culture (Fig.  S2) . These results suggest that the circadian molecular oscillator develops gradually in differentiating cells in RA treatment differentiation culture.
We next performed microscopic analysis to observe the bioluminescence in each cell (Fig. S3) . Microscopic analysis of the differentiating cells revealed lack of apparent molecular oscillation in the cells at day 8 of RA-induced differentiation culture ( and Movie S2). Interestingly, although it was unstable and low amplitude, some of the cells differentiated by RA for 12 days showed near-circadian bioluminescence fluctuation (Fig. S3B and Movie S3). Then, the circadian bioluminescence oscillation with higher amplitude was elicited in the cells at Day 15 ( Fig. S3C and Movie S4). The FFT relative power of RA-induced 15-day differentiated cells was significantly higher than that of ES cells at the cellular level (Fig.  S3D) . FFT spectral power of cellular bioluminescence fluctuation increased in RA Day 15 cells relative to RA Day 8 and RA Day 12 cells (Fig. S3E) , which supported the findings obtained through the PMT-based analysis. Because the data at days 12 and 15 were obtained subsequently from the same sample, the circadian oscillator of each cell seems to develop gradually.
Development of Circadian Oscillation in Neural Stem Cells Differentiated
from the ES Cell. To determine whether the formation of the circadian oscillator is an RA-induced differentiation-specific event or not, we established neural stem (NS) cells from Bmal1:luc stably transfected KY1.1 ES cells using the previously reported protocol (23) . Fig. S4A presents a differentiation procedure used. Established adherent NS cells were spindle shaped and expressed nestin, a NS cell marker ( Fig. S4 B and C) . The circadian bioluminescence oscillation was clearly observed in these established NS cell cultures by PMT-based bioluminescence analysis after forskolin stimulation (Fig. S4D ). This result suggests that generation of the cellular circadian clock is likely to correlate with cellular differentiation of ES cells rather than a specific procedure such as RA treatment.
Disappearance of Circadian Oscillation in the Reprogrammed Cells.
To further investigate the relationship between circadian clock generation and cellular differentiation, we reprogrammed the established NS cells following the method used to establish the induced pluripotent stem (iPS) cells using the recently reported reprogramming factors (Oct3/4, Sox2, Klf4, and c-Myc) (24) . The procedure used to establish the iPS cells from NS cells was based on the recently reported protocols (25, 26) (Fig. 3A) . Reprogramming factors-infected NS cells gradually formed colonies and generated ES cell-like colonies after a few weeks in culture (Fig.  3B) . Many of the round-shaped ES cell-like colonies (indicated by arrows in Fig. 3C ) expressed the Nanog protein, a pluripotent stem cell marker, suggesting the successful establishment of reprogrammed cells from NS cells. In comparison, the flat and cobble stone-like cells (indicated by arrowheads in Fig. 3C ) showed very weak expression of Nanog, suggesting that these cells were not fully reprogrammed to stem cells. Microscopic bioluminescence monitoring of these heterogeneous reprogrammed colonies revealed that the majority of the obtained ES cell-like colonies did not exhibit circadian bioluminescence fluctuation (Fig. S5 and Movie S5). PMT-based bioluminescence assay of Nanog-positive cloned cells confirmed that the reprogrammed cell culture lost the circadian bioluminescence oscillation (Fig. 3D) . These results suggest that the reprogrammed cells lose the capacity to maintain circadian clock oscillation. Interestingly, some of the reprogrammed cell colonies still showed bioluminescence cycle (e.g., indicated by a red arrow in Fig. S5 A and B) . This oscillation-like bioluminescence may result from insufficient reprogramming, because these colonies exhibited cobble stone-like morphology and were different from the ES cell-like round colonies. Then, reprogrammed cells were again differentiated in RAtreated culture. Obvious circadian oscillation again appeared after a 12-day RA-induced differentiation culture (Fig. 3E) . These results indicate that the formation process of the mammalian circadian clock correlates with cellular differentiation and that this process is reversible.
Expression of Clock Genes in ES Cells, iPS Cells, and Differentiated
Cells. Next, to determine the reasons why ES cells (and iPS cells) do not express the circadian molecular oscillation, the endogenous expression levels of indispensable core clock genes were determined in ES cells, reprogrammed cells, and differentiated cells. We first examined the expression levels of clock genes in ES cell lines including KY1.1, E14Tg2a, and EB5 cells (Fig. S6) . Interestingly, all lines of ES cells exhibited lower mPer2 and mBmal1 transcription levels (P < 0.001) and higher expression levels of mCry1 (P < 0.001) compared to nonsynchronized NIH 3T3 cells, and similar expression levels of mPer1 and mCry2 were noted in ES cell lines and NIH 3T3 cells. These results suggest that certain EScell-specific mechanisms regulate the expression of clock genes. We also analyzed the expression of clock genes in reprogrammed cells. The reprogrammed cells also showed expression patterns of clock genes similar to those of ES cells, with lower mPer2 and mBmal1 (P < 0.001) and higher mCry1 (P < 0.001) expression levels in ES and iPS cells than those in NIH 3T3 cells (Fig. S7A) . On the other hand, similar expression levels of mPer1 and mCry2 were observed among the ES, iPS, and NIH 3T3 cells. Because iPS cells were established from NS cells, we checked the expression levels of clock genes in NS cells (Fig. S7B) . Expression patterns such as significantly higher expression of mPer2 and mBmal1 (P < 0.001) in NS cells than in ES cells suggest that the reprogramming process may change the expression of clock genes in NS cells from an NIH 3T3-like to an ES-like pattern.
To clarify the relation between the expression levels of core clock genes and the cellular differentiation process, we examined the expression of clock genes in ES cells at 5 days (RA Day 5) and 14 days (RA Day 14) after RA-induced differentiation culture (Fig. 4) . The expression levels of mPer2, mCry2, and mClock genes were significantly increased by RA day 5 from those in ES cells (P < 0.001), whereas mCry1 expression was significantly decreased in RA Day 5 cells from its expression in ES cells (P < 0.001). Interestingly, the expression levels of all examined clock genes were similar (P > 0. (Fig. S8 A and B) . The expression levels of ES cell-specific genes Oct3/4 and Nanog were also examined in these ES and differentiating cells (27) . Compatible with the results of Leishman's staining, the expression levels of both Oct3/4 and Nanog were markedly decreased in RA Day 5 cells compared with ES cells (Fig. S8C) . These results indicate that RA treatment results in rapid differentiation of ES cells and that undifferentiated ES cells almost no longer remain in the RA Day 5 condition.
Dysfunctional Canonical Circadian Feedback Loops in the ES Cells. A recent study reported that fertilized oocytes and very early embryos seem to escape from the regulation of circadian feedback loops (16) . Because ES cells are generally established from the inner cell mass of blastocysts, it is possible that the circadian feedback loops do not function in ES cells. To examine this possibility, we established the Cre-recombinase-dependent conditional dominant-negative BMAL1 (BMAL1-DN) expression ES cell line (Fig. 5 A and B) . The BMAL1-DN, which lacks the Cterminal region of BMAL1 protein, strongly suppresses the BMAL1/CLOCK-mediated transcription (28) . To confirm the effect of BMAL1-DN on the endogenous clock genes in somatic cells, we analyzed the expression levels of endogenous clock genes before and after the expression of BMAL1-DN in NIH 3T3 cells. Compared with ES cells, the expression levels of mPer2 and mClock genes were significantly higher (P < 0.001) and mCry1 expression was significantly lower (P < 0.001) on Day 5. In contrast, the expression levels of all analyzed clock genes were similar on Day 5 and Day 14. Data are mean ± SEM of three independently cultured dishes under each condition. *P < 0.05, **P < 0.01; n.s., not significant. The expression levels of all E-box-driven mPer1, mPer2, mCry1, mCry2, and mDbp genes were suppressed after the expression of BMAL1-DN (Fig. 5C ), indicating that the BMAL1-DN functionally inhibited the endogenous BMAL1/CLOCK activity. On the other hand, BMAL1-DN expression did not suppress any examined E-box-driven clock genes in ES cells (Fig. 5D) . Especially, it has been reported that Dbp gene expression level directly reflects BMAL1/CLOCK-mediated transcriptional activity via Ebox enhancer elements (29) . Therefore, these results suggest dysfunction of the BMAL1/CLOCK-regulated canonical circadian feedback loops in ES cells. Although the exact mechanism that controls the expression of clock genes in ES cells needs to be determined in future studies, dysfunction of the feedback loops may be one of the reasons why the circadian molecular oscillation is not observed in ES cells.
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Discussion
The main findings of the present study were (i) the mammalian circadian molecular oscillator develops during cellular differentiation and (ii) this process can be reversed by expression of the reprogramming genes. These findings suggest some functional cross-talk between cellular differentiation and circadian clock formation in mammals. It was reported previously that the circadian oscillator in zebrafish embryo appeared within 1 day after fertilization (30) . This rapid generation of the circadian clock may correlate with the rapid development of zebrafish. The relationship between the speed of development and circadian clock generation should be clarified in future studies for a better understanding of the development process of the circadian clock. Many questions on the mechanisms of "chronogenesis" remain unanswered at this stage. Our circadian oscillator generation assay described in this study is a potentially useful model system for investigating the mechanisms of mammalian chronogenesis. Moreover, the combination of a genetic modification strategy and differentiation culture using ES cells may provide a powerful tool for identification of key factors indispensable in the generation of the circadian clock oscillator. Especially, one of the possible applications may be ES-cell-based screening. As shown in Fig. 2 E and F, phases and period lengths of differentiated cells could be well determined, suggesting that the assay system presented in this study has a potential for the screening study (31) . These lines of research may contribute to the design of new therapeutic or preventive strategies for human developmental disorders such as autism that are often complicated with circadian rhythm disorders (32, 33) .
In addition, it has been shown that reprogramming of somatic cells can result in cells with properties of cancer stem cells (34) . The assay system proposed in this study using cellular reprogramming may be also available for the investigation of cross-talk between the circadian clock and cancer, because the cellular circadian clock has been implicated in carcinogenesis and tumor progression (35, 36) .
Materials and Methods
Differentiation Culture. For differentiation, ≈1 × 10 5 ES cells/well were plated on gelatinized 35-mm dishes without feeder cells, using LIF-free ES medium containing 1 μM all-trans retinoic acid (RA, Sigma). Differentiating cells were passaged on days 2 and 6. Real-time bioluminescence analysis was performed using differentiating cells at the indicated days. More materials and methods information is available in SI Text.
